M
etastasis is the most dangerous switch during tumor progression, which involves a complicated chain of events. Epithelial cells normally undergo "anoikis," an apoptotic process, due to loss of contact with the extracellular matrix, which provides a strong physiological barrier to the development of metastasis. Resistance to anoikis is a hallmark of metastatic cancers, where cells need to survive in an anchorage-dependent environment in ascetic fluids before invading distant organs. However, the signaling mechanisms by which metastatic tumor cells become resistant to the anoikis process remain poorly understood (1, 2) .
We recently reported that continued RSK2 expression contributes to the maintenance of the invasive and metastatic potential of head and neck squamous cell carcinoma (HNSCC) cells in vitro and in vivo, respectively (3) . The serine/threonine kinase RSK2 is a substrate of extracellular signal-regulated kinase (ERK) and belongs to a family containing RSK1 to RSK4. RSK family members contain two distinct kinase domains, both of which are catalytically functional (reviewed in references 4 and 5). The C-terminal kinase domain is responsible for autophosphorylation at Ser386, which is critical for RSK activation, whereas the N-terminal kinase domain phosphorylates downstream substrates of RSK (6) . RSK2 is involved in various cellular processes, including gene expression, the cell cycle, cell survival, and proliferation. RSK2 phosphorylates multiple signaling effectors to regulate diverse cellular functions, including gene expression by phosphorylating transcription factors such as cyclic AMP (cAMP) response elementbinding protein (CREB) (7) and histone H3 (8) , which remodels chromatin during mitosis and transcriptional activation; the cell cycle by phosphorylating and inhibiting Myt1 (9) , a p34cdc2 inhibitory kinase; and cell survival by phosphorylating BAD (10), Bim (11) , and death-associated protein kinase (DAPK) to protect cells from apoptosis.
CREB is a transcription factor whose signaling has been implicated in promoting tumor progression, stimulating growth, conferring apoptotic resistance, and supporting angiogenesis. CREB is associated with androgen-independent progression and promotes prostate cancer bone metastasis (12) . In addition, expression of a dominant negative form of CREB sensitizes melanoma cells to apoptosis and inhibits their growth and metastasis (13) (14) (15) (16) . RSK2 activates CREB by phosphorylating Ser133 (17) . However, there is no literature reporting a role for the RSK2¡CREB pathway in anoikis regulation.
Here we demonstrate that RSK2 signaling is commonly important to protect diverse metastatic human cancer cells, including lung, breast, and head and neck cancer cells, from anoikis. Our phosphor-proteomics-based studies using the phosphoantibody microarray identified two RSK2 phosphorylation targets that are important for mediating RSK2-dependent antianoikis signals in cancer cells, including CREB and a newly identified RSK2 substrate, apoptosis signal-regulating kinase 1 (ASK1). ASK1 is a mitogen-activated protein kinase (MAPK) kinase kinase that is activated by a variety of stress-related stimuli, including oxidative stress, serum withdrawal, endoplasmic reticulum stress, and calcium influx. Activated ASK1 phosphorylates and activates two different downstream kinases, MAPK kinase kinase 4 (MKK4)/ MKK7 and MKK3/MKK6, which activate c-Jun N-terminal kinase (JNK) and p38 MAPK, respectively, to induce apoptosis. ASK1 kinase activity is regulated in various ways, including phosphorylation. For example, AKT and PIM1 inhibit ASK1 by phosphorylating ASK1 S83, which keeps ASK1 inactive under unstressed conditions. Conversely, stress signals induce ASK1 S83 dephosphorylation and restore ASK1 activity (18) (19) (20) . However, it remains unclear how phosphorylation at S83 inhibits ASK1.
Here we report that RSK2 promotes anoikis resistance by inhibiting ASK1 via phosphorylation at two newly identified sites, T1109 and T1326, in addition to S83. We provide evidence to show that phosphorylation at T1109/T1326 attenuates ATP binding to ASK1, whereas S83 phosphorylation inhibits ASK1 by blocking substrate MKK6 binding. Moreover, we found that RSK2 protects metastatic cancer cells from anoikis induction in both transcription-independent and -dependent manners by inhibiting ASK1 and activating CREB, respectively, in which CREB coordinates gene expression of proapoptotic effectors such as protein tyrosine kinase 6 (PTK6) and antiapoptotic effectors such as inhibitor-of-growth protein 3 (ING3).
MATERIALS AND METHODS
Reagents. Lentiviral short hairpin RNA (shRNA) vectors targeting RSK2, ASK1, CREB, PTK6, ING3, and enhanced green fluorescent protein (eGFP) were purchased from Open Biosystems. ASK1, CREB, and ING3 small interfering RNAs (siRNAs) were purchased from Qiagen. The RSKspecific inhibitor fmk was described previously (21) . SL0101 was purchased from Toronto Research Chemicals, Inc. Wortmannin and the PIM1 inhibitor quercetagetin were purchased from Santa Cruz. RSK2 constructs were previously described (22) (23) (24) . An shRNA-resistant form of human RSK2 was generated by silent mutations in the shRNA-targeting region. Recombinant active human RSK2 was obtained from Invitrogen. Recombinant inactive human MKK6 was obtained from Millipore. Myelin basic protein (MBP) was obtained from Sigma. The construct for hemagglutinin (HA)-ASK1 (provided by Haian Fu) was myc tagged by PCR and subcloned into pDEST27 and a pLHCX-derived Gateway destination vector as described previously for expression in human cell lines (25) . pET60-ASK1 variants were generated for bacterial recombinant protein purification. pCMV6-flag-PTK6 was obtained from Origene. Image clones for ING3 were purchased from Open Biosystems. Flag-ING3 variants were subcloned into the retroviral vector pLHCX. Various mutants were generated by using the QuikChange-XL site-directed mutagenesis kit (Stratagene).
Cell culture. 293T and SKBR3 cells were cultured in Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS). 212LN and A549 cells were cultured in a 1:1 mix of DMEM and Ham's F-12 medium and RPMI 1640 with 10% FBS, respectively. To generate the ASK1-and ING3-expressing cell lines, the retroviral vector pLHCX harboring ASK1 and ING3 was transfected into 212LN cells by using Lipofectamine 2000 (Invitrogen). To knock down endogenous human RSK2, CREB, ASK1, PTK6, and ING3, lentiviruses carrying shRNA were generated by transfecting 293T cells with lentiviral vectors encoding shRNA, pHRCMV8.2⌬R, and cytomegalovirus-vesicular stomatitis virus G protein (CMV-VSVG). Cells were infected with harvested lentivirus for 48 h for transient infection or were selected by 2 g/ml puromycin for 1 week for stable selection.
Antibodies. Antibodies against RSK2, glycogen synthase kinase 3␣/␤ (GSK3␣/␤), ASK1, MBP, PIM1, and PTK6 were obtained from Santa Cruz Biotechnology. Antibodies against myc, HA, phospho-RSK (Ser380), phospho-GSK3␣/␤ (Ser21/9), phospho-ASK1 (Ser83, Ser967, and Thr845), phospho-p38 (Thr180/Tyr182), p38, phospho-stress-activated protein kinase (phospho-SAPK)/JNK (Thr183/Tyr185), ASK1, SAPK/JNK, MKK6, CREB, AKT, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were obtained from Cell Signaling Technology (CST). Antibodies against Flag, glutathione S-transferase (GST), and ␤-actin were obtained from Sigma. Phospho-serine/threonine antibody was obtained from Abcam. Antibody against ING3 was obtained from Proteintech.
Purification of recombinant human ASK1 proteins. GST-fused human ASK1 proteins were purified by sonication of Escherichia coli BL21(DE3)/pLysS cells obtained from 250 ml of culture with 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) induction at 25°C. Cell lysates were loaded onto a glutathione-Sepharose 4B column in phosphatebuffered saline (PBS) and eluted with elution buffer (50 mM Tris-HCl, 10 mM reduced glutathione [pH 8.0]). Proteins were desalted on a PD-10 column, and the purification efficiency was examined by Coomassie staining and Western blotting.
In vitro kinase assays. An RSK2 kinase assay was performed to determine whether RSK2 phosphorylates ASK1. The purified recombinant GST-fused ASK1 wild type (WT) and the K709M kinase-dead mutant were incubated with recombinant active RSK2 in a solution containing 20 mM morpholinepropanesulfonic acid (MOPS), 5 mM EGTA, 1 mM dithiothreitol (DTT), 25 mM ␤-glycerol phosphate, 1 mM Na 3 VO 4 , and 15 mM MgCl 2 along with 10 mM magnesium acetate (MgAc) and 0.1 mM ATP for 30 min at 30°C. Phosphorylation of Ser83, Ser967, or Thr845 of ASK1 was detected by the corresponding specific phosphoantibodies. To determine the kinase activity of ASK1, the kinase assay was carried out by using MKK6 or MBP as the substrate. 293T cells were transfected with GST-ASK1 variants in the presence or absence of the constitutively active RSK2 Y707A mutant for 24 h. GST-ASK1 variants in cell lysates were pulled down with a glutathione-Sepharose 4B column. The beads were washed, and kinase reactions were then initiated by adding its substrates and kinase buffer containing 40 mM MOPS (pH 7.2), 10 mM MgCl 2 , and 200 M ATP for 30 min at 30°C. The reaction was stopped by adding protein-loading 6ϫ SDS buffer. The samples were subjected to SDS-PAGE, and the status of phosphorylation of MKK6 or MBP by ASK1 was analyzed by Western blotting.
ATP-binding assays. GST-ASK1 variants were pulled down from 293T cells coexpressed without or with the constitutively active RSK2 Y707A mutant. The beads with bound GST-ASK1 variants were washed with PBS, followed by incubation with 4 Ci [␣-32 P]ATP for 5 min at 30°C in ASK1 kinase buffer. The beads were then washed twice with PBS. The bead-bound ASK1 protein was eluted with 30 l of elution buffer (50 mM Tris-HCl and 10 mM reduced glutathione [pH 8.0]) for 30 min, and radioactivity was then detected by liquid scintillation counting.
Anoikis assay. Cells (5 ϫ 10 5 per well) were cultured on 1%-agartreated 6-well tissue culture plates for 48 to 72 h at 37°C in a 5% CO 2 atmosphere. After incubation, suspended cells were harvested in complete medium and centrifuged at 1,200 rpm for 5 min. Pellets were washed with PBS, and staining with propidium iodide (PI) solution and fluorescein isothiocyanate (FITC)-conjugated annexin V was carried out according to the manufacturer's protocol (BD Pharmingen). Stained cells were analyzed by fluorescence-activated cell sorter (FACS) analysis for the apoptotic population.
Microarray data collection and analysis. RNA was isolated by using TRIzol and a Promega SV RNA isolation kit. A quality control analysis was performed on the RNA prior to gene profiling. RNA samples were processed and hybridized onto Affymetrix human genome U133Plus2.0 chips. Raw expression values were analyzed by using DNA-Chip Analyzer software (26) . Raw intensity values were normalized based on the rankinvariant probe sets, and expression values were then calculated by model-based expression (26) . To confirm reproducibility, we performed hierarchical clustering from triplicates, which mostly clustered together. A set of highly variable genes was selected, with a coefficient of variation of between 0.2 and 10 and a presence call in at least 20% of all samples. The resulting 6,060 probe sets were used for hierarchical clustering.
Quantitative RNA analysis. Total RNA was extracted from 1 ϫ10 6 cells by using RNeasy (Qiagen). Reverse transcription of total cellular RNA was done by using a first-strand cDNA synthesis kit (Amersham).
Real-time detection of PTK6, ING3, and GAPDH mRNA levels was conducted with SYBR green (Bio-Rad Laboratories). mRNA levels of PTK6, Cells were cultured on a 1%-agar-treated dish to achieve detachment, and control cells were treated with the anticancer agent cycloheximide, an inhibitor of protein biosynthesis, to induce apoptosis. Apoptosis was assessed by FACS analysis in ING3, and GAPDH were determined by using the following oligonucleotides as primers: PTK6 sense primer 5=-TGTGGAGTGTCTGCGTCCA ATACA-3= and antisense primer 5=-AGGCCAAGCTCTCAAGACACAA GA-3=, ING3 sense primer 5=-CAGCCTCTTCTAACAATGCCTA-3= and antisense primer 5=-CTTCATCAAACAAAAGGACCAC-3=, and GAPDH sense primer 5=-GACATCAAGAAGGTGGTGAA-3= and antisense primer 5=-TGTCATACCAGGAAATGAGC-3=.
RESULTS
RSK2 promotes anoikis resistance in metastatic human cancer cells. To determine whether RSK2 is important in antianoikis signaling in human cancer cells, we generated cell lines with stable RSK2 knockdown using several human metastatic cancer cells, including head and neck cancer 212LN, breast cancer SKBR3, and lung cancer A549 cells. We found that stable knockdown of RSK2 using two different shRNAs sensitizes 212LN, SKBR3, and A549 cells to detachment-induced anoikis compared to control cells harboring either an empty vector or an eGFP shRNA, as assessed by annexin V staining and caspase 3/7 activity assays (Fig. 1B) , whereas we found that apoptosis induced by the control anticancer agent cycloheximide (CHX), a protein synthesis inhibitor, was not significantly affected ( Fig. 1A) . Moreover, knockdown of RSK2 sensitized 212LN, SKBR3, and A549 cells to anoikis induction, whereas such a phenotype was rescued by expression of murine RSK2 in a constitutively active form (RSK2 CA) (Y707A) or of an shRNA-resistant form of human RSK2 CA that is resistant to the shRNA targeting human RSK2 (Fig. 1C) . In contrast, RNA interference (RNAi)-mediated RSK2 knockdown did not significantly affect detachment-induced anoikis in the nontumorigenic human epithelial cell lines HaCaT and BEAS-2B (data available upon request). We then examined whether the RSK-specific inhibitor fmk (21) , which inhibits RSK2 kinase activity, could also sensitize 212LN, SKBR3, and A549 cells to anoikis. We observed that treatment with fmk effectively decreased RSK2 kinase activity, as assessed by phosphorylation at S386, an index of RSK2 activation (Fig. 1D, top) . In consonance with RSK2 knockdown, fmk treatment significantly sensitized cells to anoikis induction (Fig. 1D, top) . Similar results were obtained by using another RSK inhibitor, SL0101 (Fig. 1D, bottom) (27) . These data together suggest that RSK2 mediates antianoikis signals in diverse metastatic cancer cells. RSK2 protects cancer cells from anoikis induction by inhibiting proapoptotic ASK1. To decipher the molecular mechanism underlying RSK2-mediated antianoikis signaling, we performed a phosphor-proteomics study using the MAPK pathway phosphoantibody microarray (Full Moon BioSystems, Inc.) to profile the phosphorylation status of proteins in cells with or without stable RSK2 knockdown. We identified several antiapoptotic and proapoptotic protein factors whose phosphorylation levels decreased and increased, respectively, more than 15% in metastatic 212LN and 886LN cell lines with stable knockdown of RSK2. In particular, we found that RSK2 knockdown significantly decreased ASK1 S83 phosphorylation as well as CREB S133 phosphorylation in metastatic HNSCC cells, compared to the corresponding control cells harboring an empty vector ( Fig. 2A) . We decided to focus on the role of ASK1 and CREB in RSK2-mediated antianoikis signaling for the rest of the study due to their critical role in cell survival and apoptosis regulation.
We found that stable knockdown of ASK1 using two different shRNA clones in 212LN cells significantly decreased detachment-induced anoikis (Fig. 2B) , while stable overexpression of myc-ASK1 sensitized 212LN cells to anoikis induction (Fig. 2C ). In consonance with our observations described above (Fig. 1A and B) , knockdown of RSK2 significantly sensitized cells to anoikis in 212LN and SKBR3 cells. However, knockdown of ASK1 in cells with stable knockdown of RSK2 partially rescued phenotypes due to a lack of RSK2, resulting in increased resistance to anoikis induction compared to RSK2 knockdown cells (Fig. 2D) . Moreover, inhibition of RSK2 by fmk sensitized 212LN cells to anoikis induction (Fig. 2E, left) , whereas ASK1 knockdown conferred resistance to fmk-sensitized anoikis induction (Fig. 2E, right) . In addition, overexpression of a constitutively active form of RSK2 (Y707A) significantly decreased ASK1 kinase activity in an in vitro ASK1 kinase assay using MAPK kinase kinase 6 (MKK6) as a substrate (Fig. 2F) . Furthermore, overexpression of the constitutively active RSK2 Y707A mutant decreased activation of both the p38 and JNK pathways, which are downstream signaling cascades of ASK1 (Fig. 2G , left and right, respectively). Knockdown of RSK2 resulted in increased phosphorylation of p38 and JNK in metastatic 212LN cells (Fig. 2H) . These results together indicate that RSK2 inhibits ASK1 to mediate RSK2-dependent antianoikis signals in cancer cells.
RSK2 inhibits ASK1 through phosphorylation. We next confirmed that inhibition of RSK2 by shRNA in metastatic 212LN cells decreased S83 phosphorylation levels of ASK1 by 63% (Fig.  3A) . In contrast, knockdown of AKT1 resulted in only a 12% decrease in S83 phosphorylation levels of ASK1, while PIM1 knockdown did not attenuate the status of S83 phosphorylation in ASK1 (data available upon request). Moreover, treatment with the RSK inhibitor fmk decreased S83 phosphorylation levels of ASK1 by 50%, while treatment with the AKT inhibitor wortmannin decreased S83 phosphorylation levels by 25%. In contrast, treatment with the PIM1 inhibitor quercetagetin did not affect S83 phosphorylation levels of ASK1 (data available upon request). These data suggest that RSK2 is one of the predominant upstream kinases that are responsible for ASK1 S83 phosphorylation in metastatic 212LN cells.
In addition, overexpression of the constitutively active form of RSK2, HA-RSK2 Y707A, in 293T cells increased S83 phosphorylation of endogenous ASK1 but did not affect the phosphorylation levels of ASK1 at S967 or T845 (Fig. 3B) . Moreover, in an in vitro RSK2 kinase assay using recombinant, active RSK2 (rRSK2) and purified, wildtype (WT), recombinant ASK1 (rASK1) or a kinase-dead mutant, K709M, as the substrate, rRSK2 directly phosphorylated the WT and cells stained with FITC-conjugated annexin V and propidium iodide (top) or by caspase 3/7 activity using a Caspase-Glo 3/7 assay (bottom). (C) Overexpression of murine RSK2 (top) or shRNA-resistant human RSK2 (bottom) rescued anoikis induced by RSK2 knockdown and conferred resistance to cells from undergoing anoikis. Stable RSK2 knockdown cells were transiently transfected with murine RSK2 Y707A cDNA or shRNA-resistant human RSK2 Y707A cDNA prior to anoikis induction. (D) Treatment with small-molecule RSK inhibitors, fmk (10 M) (top), or SL0101 (100 M) (bottom) effectively decreases RSK2 kinase activity and sensitizes 212LN, SKBR3, and A549 cells to induction of anoikis. For fmk treatment, RSK2 activity was assessed by RSK2 immunoprecipitation (IP) and Western blotting (WB), using a specific phospho-RSK antibody that recognizes phospho-S380 (S386 for RSK2 numbering). Phosphorylation of the RSK2 substrate GSK3␣/␤ was assessed for SL0101. P values were determined by Student's t test. All the error bars shown in the figures represent mean values Ϯ standard deviations from three independent experiments ‫,ء(‬ 0.01 Ͻ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; ns, not significant).
kinase-dead forms but not the S83A mutant of rASK1 at S83 (Fig. 3C  and D) . In consonance with this observation, the ASK1 kinase-dead mutants enriched from the cells were also directly phosphorylated at S83 by rRSK2 (Fig. 3E) . Moreover, RSK2 interacted and colocalized with ASK1 in the cytoplasm in a phosphorylation-independent manner (data available upon request). These data suggest that ASK1 is a new substrate of RSK2.
RSK2 phosphorylates two new sites of ASK1, T1109 and T1326, which mediate an inhibitory effect on ASK1. We next wondered whether RSK2 phosphorylates ASK1 at multiple sites Overexpression of a constitutively active form of RSK2, the Y707A mutant, results in decreased ASK1 kinase activity. GST-tagged ASK1 was coexpressed with or without the RSK2 Y707A mutant in 293T cells. GST-ASK1 was pulled down by GST beads and used for an in vitro ASK1 kinase assay using recombinant, inactive human MKK6 protein as an exogenous substrate. ASK1 activity was assessed by the phosphorylation levels of MKK6 detected by a specific phospho-Ser/Thr antibody. (G) Western blot results show that expression of a constitutively active form of RSK2, the Y707A mutant, results in decreased activation levels of p38 (left) and JNK (right) in 212LN cells. Activation of p38 and JNK was assessed by specific antibodies recognizing phospho-p38 and phospho-SAPK/JNK, respectively. (H) Stable knockdown of RSK2 results in increased phosphorylation and activation levels of p38 and JNK in 212LN cells.
besides S83. Thus, we performed an in vitro kinase assay using purified GST-ASK1 proteins from cells incubated with recombinant, active RSK2. The samples were applied onto SDS-PAGE gels, and the bands containing phosphorylated ASK1 proteins were excised and used for liquid chromatography-tandem mass spectrometry (LC-MS/MS). The mass spectrometry-based analysis identified two additional, new residues of ASK1 that are phosphorylated by RSK2, T1109 and T1326 (Fig. 4A) . To investigate the role of T1109/T1326 phosphorylation in ASK1 activation, we performed mutational analysis to substitute T1109, T1326, or both in ASK1. We then performed an immunoprecipitation-coupled in vitro ASK1 kinase assay using distinct ASK1 variants coexpressed with the constitutively active RSK2 Y707A mutant in 293T cells, in the presence of myelin basic protein (MBP) as an exogenous substrate. Interestingly, although RSK2 similarly inhibited the ASK1 T1109A and T1326A single mutants and WT ASK1 (Fig.  4B) , simultaneous substitution of both T1109 and T1326 significantly attenuated the inhibitory effect of RSK2 on ASK1 kinase activity (Fig. 4C) . These results suggest that phosphorylation at both T1109 and T1326 by RSK2 is required to mediate an inhibitory effect on ASK1, while phosphorylation at either of these two sites is insufficient. Moreover, stable knockdown of RSK2 sensitizes cells to anoikis induction, whereas expression of the ASK1 phosphomimetic T1109D/T1326D mutant, but not the WT, partially rescues the increased sensitivity to anoikis induction in these cells (Fig. 4D) .
Phosphorylation at T1109/T1326 and S83 inhibits ASK1 by attenuating ATP and substrate MKK6 binding, respectively. We next explored the molecular mechanisms underlying S83 and T1109/T1326 phosphorylation-mediated inhibition of ASK1. We found that coexpression of RSK2 led to decreased [␣-
32 P]ATP binding to WT ASK1 and the S83A mutant, whereas substitution of T1109/T1326 abolished the RSK2-dependent attenuation of ATP binding to ASK1 (Fig. 5A) . In contrast, coexpression of RSK2 significantly attenuated ASK1 substrate MKK6 binding to WT ASK1 and the T1109A/T1326A mutant, while substitution of S83 reversed the attenuated MKK6 binding to ASK1 in the presence of overexpressed RSK2 (Fig. 5B) . These results suggest novel molecular mechanisms by which RSK2-mediated S83 and T1109/T1326 phosphorylation inhibits ASK1.
The RSK2¡CREB pathway protects cancer cells from anoikis in part by upregulating gene expression of the antiapoptotic factor PTK6 and downregulating gene expression of the proapoptotic factor ING3. RSK2 activates the transcription factor CREB by phosphorylating S133 (17) . We previously showed that RSK2 promotes HNSCC cell invasion at least in part through phosphorylation and activation of the downstream substrate CREB (3). To explore the molecular mechanism underlying RSK2-CREB-mediated antianoikis signaling, we performed DNA microarray analysis using metastatic 212LN cells with stable knockdown of RSK2 or CREB. We identified 115 and 45 genes that are commonly downregulated and upregulated, respectively, more than 1.5-fold in 212LN cells with stable knockdown of individual RSK2 knockdown and CREB knockdown (Fig. 6A, top) . Among these genes, we found that several antiapoptotic protein factors, including protein tyrosine kinase 6 (PTK6), PTEN-induced putative kinase 1 (PINK1), and mesothelin (MSLN), are transcriptionally downregulated. Conversely, we found that sev- were assessed by a specific phospho-ASK1 antibody (p-S83). (B) Enforced RSK2 expression results in increased phosphorylation levels of S83 but not of S967 or T845 of ASK1. 293T cells were transiently transfected with the HA-tagged constitutively active RSK2 Y707A mutant. S83, S967, and T845 phosphorylation levels of endogenous ASK1 were determined by using specific phospho-ASK1 antibodies recognizing individual phosphorylation sites. (C) RSK2 directly phosphorylates ASK1 at S83 but not at S967 or T845. An in vitro RSK2 kinase assay was performed by using recombinant active RSK2 (rRSK2) incubated with either WT recombinant ASK1 (rASK1) or a kinase-dead mutant form, K709M, purified from E. coli. (D) RSK2 directly phosphorylates WT ASK1 at S83 but is unable to phosphorylate the S83A mutant. Purified recombinant WT ASK1 and S83A mutant proteins were used in an in vitro RSK2 kinase assay. (E) An in vitro RSK2 kinase assay was performed by using the GST-tagged ASK1 K709M mutant enriched from 293T cells by GST pulldown.
eral proapoptotic effectors, including inhibitor-of-growth protein 3 (ING3), cytoskeleton-associated protein 2 (CKAP2), and transcription factor AP-2 alpha (TFAP2A), are transcriptionally upregulated. All of them are novel transcription targets of RSK2¡CREB signaling (Fig. 6A, bottom) .
We decided to focus on the role of PTK6 and ING3 in RSK2¡CREB antianoikis signaling, due to their important function in regulation of cell survival and apoptosis. PTK6 (also known as Brk) belongs to the Src family and is frequently overexpressed in a variety of tumor types. PTK6 expression enhances survival of breast and ovarian cancer cells deprived of matrix attachment, probably by regulating IGF-1R expression and phosphorylation, while knockdown of PTK6 induces apoptosis in these cells (28) (29) (30) (31) . ING3 is a member of the ING tumor suppressor family proteins and is involved in apoptosis, cell growth, and cancer progression, including the regulation of invasion and metastasis (32, 33) . ING3 expression is remarkably reduced in HNSCCs and melanomas (34) (35) (36) , which may promote UV-induced apoptosis through the Fas/caspase-8 pathway in melanoma cells. The interruption of ING3 degradation in cancer cells enhances apoptosis (37) . We performed real-time quantitative PCR and Western blotting and confirmed that stable knockdown of RSK2 or CREB in 212LN cells decreased gene and protein expression levels of the antiapoptotic factor PTK6 (Fig. 6B , left, and C) and increased expression levels of the proapoptotic factor ING3 (Fig. 6B, right,  and C) . Moreover, inhibition of RSK2 kinase activity by the RSK- phosphothreonine peptide fragments of ASK1 containing T1109 and T1326. GST-ASK1 K709M protein purified from 293T cells was incubated with recombinant active RSK2. Bands from SDS-PAGE gels were excised and applied for LC-MS/MS. (B and C) Substitution of either T1109, T1326, or S83 did not affect RSK2-dependent attenuation of ASK1 kinase activity (B), whereas the T1109A/T1326A double mutant showed resistance to RSK2-dependent inhibition (C). Distinct GST-tagged ASK1 variants were coexpressed in the presence or absence of a constitutively active form of RSK2, the Y707A mutant, in 293T cells. At 24 h posttransfection, cells were harvested, and GST-ASK1 proteins were pulled down by GST beads. An in vitro ASK1 kinase assay was performed by using myelin basic protein as a substrate. (D) Expression of the ASK1 T1109D/T1326D mutant in a dominant negative form results in less proapoptotic activity that with WT ASK1 in cells with RSK2 knockdown. RSK2 knockdown cells were transiently transfected with ASK1 variants. An anoikis assay was performed at 48 h posttransfection. specific inhibitor fmk also decreased mRNA levels of the antiapoptotic factor PTK6 and increased the mRNA level of the proapoptotic factor ING3 (Fig. 6D) .
We found that knockdown of CREB or PTK6, or overexpression of WT ING3 or the K96R constitutively active mutant, sensitizes cancer cells to detachment-induced anoikis (Fig. 6E) . In addition, overexpression of PTK6 in RSK2 knockdown cells significantly reduced the increased sensitivity to anoikis induction in 212LN and SKBR3 cells due to loss of RSK2 (Fig. 6F) , while knockdown of ING3 in RSK2 knockdown 212LN and SKBR3 cells partially rescued the increased sensitivity to detachment-induced anoikis due to RSK2 deficiency (Fig. 6G) . These data together suggest that, in addition to RSK2-ASK1 antianoikis signaling, RSK2 also provides antianoikis protection to metastatic cancer cells in a transcription-dependent way by activating CREB to regulate the gene expression of PTK6 and ING3.
RSK2 provides antianoikis signaling via ASK1 and CREB in transcription-independent and -dependent manners, respectively. We next determined whether RSK2 coordinates ASK1 and PTK6/ING3 to provide an antianoikis advantage to metastatic cancer cells. Indeed, overexpression of PTK6 or knockdown of ING3 in addition to ASK1 knockdown enhanced attenuated anoikis induction in cells with stable knockdown of RSK2, compared to cells with only ASK1 knockdown ( Fig. 7A and B, respectively). These data together suggest that RSK2 functions as a signal integrator to provide antianoikis protection to cancer cells in both transcription-independent and -dependent manners, in part by signaling through ASK1 and CREB, respectively, conferring a prosurvival and prometastatic advantage to human cancers (Fig. 7C ).
DISCUSSION
Our finding that RSK2 commonly provides antianoikis signals to protect diverse metastatic cancer cells provides new insights into an understanding of the proinvasive and prometastatic role of RSK2. RSK2 functions as a signal integrator, which regulates a network of signaling effectors to mediate antianoikis signals in both transcription-independent and -dependent manners. We identified the proapoptotic factor ASK1 as a novel phosphorylation target of RSK2. Although S83 was identified as an AKT and PIM1 phosphorylation site, RSK2 appears to act as one of the predominant upstream kinases that phosphorylate ASK1 at S83 in 212LN cells. In addition to phosphorylation at the inhibitory S83 site, RSK2 also inhibits ASK1 by phosphorylating two newly identified sites, T1109 and T1326. This is supported by the observation that the phosphomimetic T1109D/T1326D mutant functions as a dominant negative form of ASK1 that, when overexpressed, results in decreased sensitivity to anoikis induction in cells with stable knockdown of RSK2.
Our studies also for the first time revealed novel molecular mechanisms underlying Ser/Thr phosphorylation-dependent inhibition of ASK1, in which phosphorylation at both T1109 and T1326 exclusively attenuates the ability of ASK1 to bind to ATP, whereas phosphorylation at S83 blocks substrate MKK6 binding to ASK1. One explanation for the impact of these phosphorylation events is that they could be compatible with specific regulated states of ASK1 potentially impacting ATP binding; alternatively, phosphorylation could impact protein-protein interaction sites and potentially regulate ASK1 in this manner. Together, these results suggest that RSK2 mediates antianoikis signals, at least in part, by inhibiting ASK1 through phosphorylation at multiple sites. This may provide a regulatory window for cancer cells to promptly respond to anoikis induction, at least in part by RSK2-dependent phosphorylation and inhibition of proapoptotic ASK1, thereby providing antianoikis protection to cancer cells. In accordance with this concept, we observed that knockdown of ASK1 resulted in a partial rescue of the increased sensitivity to anoikis induction in cells upon stable knockdown of RSK2. This finding suggests that additional RSK2 targets besides ASK1 participate in RSK2-dependent antianoikis signaling. Such targets should include other protein factors, similar to ASK1, whose phosphorylation levels are regulated by RSK2 to confer antianoikis protection in a transcription-independent manner. In addition, RSK2 regulates antianoikis signaling by altering gene expression of protein effectors involved in regulation of cell survival and apoptosis. In particular, our DNA microarray-based studies identified a spectrum of RSK2¡CREB transcription targets that are accountable for RSK2-dependent antianoikis protection. These targets include the antiapoptotic factor PTK6 and the proapoptotic factor ING3, which are newly identified transcription targets of RSK2 and CREB. Knockdown of RSK2 or CREB decreases the PTK6 gene expression level, which correlates with increased cell sensitivity to anoikis induction in metastatic cancer cells. Overexpression of PTK6 partially rescues the increased sensitivity to anoikis induction in cancer cells with knockdown of RSK2. Our findings are consistent with recent observations in which PTK6 was suggested to promote anchorage-independent proliferation in breast cancer cells transformed by IGF-1R (31) . This warrants future studies to examine whether RSK2 signaling is involved in IGF-1R-dependent activation of PTK6 to provide antianoikis signaling in cancer cells. In addition to PTK6, we also identified the proapoptotic factor ING3 as another novel RSK2¡CREB transcription target. Our gain-of-function and loss-of-function studies demonstrated that RSK2 also, in part, signals through CREB to downregulate ING3 to protect cancer cells from anoikis.
Our studies demonstrate that the simultaneous alteration of the RSK2 phosphorylation target ASK1 and the RSK2-CREB transcription target PTK6 or ING3 results in an enhanced effect on the rescue of increased sensitivity to anoikis in cells with RSK2 knockdown. Our studies suggest that a complicated antianoikis signaling network of RSK2 exists in cancer cells that contribute to the cellular response to anoikis. Such a network consists of a spectrum of phosphorylation and transcription targets of RSK2, which may provide acute and chronic mediation of RSK2-dependent antianoikis signals in metastatic cancer cells, respectively. Thus, this study showcases the complexity of the cellular process, demonstrating that the response to anoikis induction and regulation may involve diverse protein factors in different signaling pathways, such that the interaction, cross talk, and coordination of various RSK2 downstream effectors may exert regulatory functions to control cellular sensitivity to detachment-induced anoikis. Such a mechanism can be explored for anticancer therapies.
